Convertible vehicles can be classified into Soft-top and RHT by driving pattern and materials. Among them, since the one adopting RHT can be operated as an open car when the roof opens and has a sedan or coupe shape when the roof closes, it has advantages to easily apply design styles comparing to those adopting the soft top and show good isolation performances against external air temperature, noise, etc. Because of these advantages, it has been applied and developed for Volkswagen and Benz models recently. Design of RHT system requires main-kinematic, partition, searing, etc., of which main-kinematic is the most important sub-system. This sub-system generally consists of 4 joint link and it used to open and close the roof. Design of the main-kinematic should meet two requirements. First, it is required to allow the roof module to move correctly to the positions when it is closed and opened. Second, it is necessary to minimize the power to drive the main-kinematic. In order to drive the roof module, the main-kinematic needs additional power source for the vehicle. Thus, in order to reduce cost and weight, minimization of power source is essential. In addition, as the main-kinematic has deviation of performance for deviation of pivot point, it requires the design to consider deviation of pivot point. The performance index of a main-kinematic is a function of the maximum and minimum values over the parameter interval. Thus, it is impossible to apply directly a well developed optimization algorithm based on gradient information. As such, a special technique is needed to process dynamic response optimization problems [1] . This challenge has impeded the study of a optimal design in this area compared with structural optimization.
INTRODUCTION
Convertible vehicles can be classified into Soft-top and RHT by driving pattern and materials. Among them, since the one adopting RHT can be operated as an open car when the roof opens and has a sedan or coupe shape when the roof closes, it has advantages to easily apply design styles comparing to those adopting the soft top and show good isolation performances against external air temperature, noise, etc. Because of these advantages, it has been applied and developed for Volkswagen and Benz models recently. Design of RHT system requires mainkinematic, partition, searing, etc., of which main-kinematic is the most important sub-system. This sub-system generally consists of 4 joint link and it used to open and close the roof. Design of the main-kinematic should meet two requirements. First, it is required to allow the roof module to move correctly to the positions when it is closed and opened. Second, it is necessary to minimize the power to drive the main-kinematic. In order to drive the roof module, the main-kinematic needs additional power source for the vehicle. Thus, in order to reduce cost and weight, minimization of power source is essential. In addition, as the main-kinematic has deviation of performance for deviation of pivot point, it requires the design to consider deviation of pivot point. The performance index of a mainkinematic is a function of the maximum and minimum values over the parameter interval. Thus, it is impossible to apply directly a well developed optimization algorithm based on gradient information. As such, a special technique is needed to process dynamic response optimization problems [1] . This challenge has impeded the study of a optimal design in this area compared with structural optimization.
Looking into the study on 4 joint link mechanism designs, J. A. Cabrera [2] performed a study using GA algorithm to create the synthesis of four-bar planar mechanisms. The main advantages of this method are its simplicity of implementation no need of deep knowledge of the searching space.
This study performs the Robust Design Optimization (RDO) considering variations that the probability constants with uncertainty have effect on mechanical performance of the Main-Kinematic. Design variables are coordinates composing of the system and the probability constants are deviations of the joint coordinates. However, since the performance indexes to be considered for the design are expressed as a functions of maximum and minimum of the parameters (rotation angles of Main kinematic), design sensitivity analysis is very difficult [1] . Considering the problem, this study introduces meta model technique to generate an approximation function of the performance indexes, and calculates the sampling variance of the performance indexes through the approximation function, in order to the number of analysis required for the reliability analysis. And, it grafts them to the sequential approximate optimization technique to perform the Robust Structural Optimization of the RHT system. The paper is organized as follows: Chapter 2 explains the performance indexes to evaluate mechanical performances of Main-Kinematic. Chapter 3 explains the sequential approximate optimization technique and the meta-model technique for the Robust Design Optimization. Chapter 4 analyzes and explains the results of the Robust Design Optimization. Finally, Chapter 5 summarizes and arranges contents of this study.
KINEMATIC ANALYSIS MODEL AND PERFORMANCE INDEXES OF THE RHT SYSTEM

RHT System Modeling
A model for the main mechanism of the RHT system has been construction using a multi-body dynamics program, Recurdyn. [3] The RHT system has been modeled as a rigid body without deformation and consisted of a total 3 rigid bodies including 1 roof and 2 links. Connecting element consists of 2 revolute joints, 1 spherical joint and 1 hook joint. And the number of the entire degree of freedom is 1. In addition, in order to drive the roof, a motor has been attached to give rotation to the front link as shown on Figure 1 . Angular velocity profile of the driving motor is shown on Figure 2 . Driving time is 4.5 seconds and maximum angular velocity is 23.6[deg/s].
Performance Index of the RHT system
The performance indexes to evaluate mechanical operation performance of main kinematic of RHT system are trajectory of the roof, relative distance error and driven torque of the motor. The reason why the trajectory of the roof is that if the roof does not show the trace as shown on Figure 1 . RHT system modeling using RecurDyn Figure 3 when it closes or opens, it may injure the head of the passenger during movement. It was difficult to quantify performance index of difference between target trajectory and measure trajectory (simulation result). Thus, this study has reviewed correlation between trajectory and pitch angle of roof as shown on Figure 4 and got a conclusion that we would design the target trajectory of the roof if we make linearization of the pitch angle change rate. Where pitch angle is a rotation angle at roof center. Second, it is to minimize torque of the driving motor. Because it is required to mount additional driving unit on the vehicle in order to drive the roof module and design the Main-kinematic that is able to move with the minimum torque. Finally, it is required to allow the roof module to move correctly to the target positions when it is closed and opened. To measure relative distance error, this paper has use a difference between maker of U1_roof and marker of U1_trunk, in figure 5 . Where marker of U1_roof belongs to roof and marker U1_truck is a target position when RHT system closed.
META-MODEL BASED SEQUENTIAL APPROXIMATION OPTIMIZATION
In order to avoid the analytical design sensitivity analysis, this study uses the approximate models in the numerical optimization process. The generic name of the approximate models is a meta-model. Among many metamodel, this study employs a radial basis function (RBF). Then, it uses the RBF during optimization process. When an optimum is found, the process performs an exact analysis for the optimum and checks the convergence criteria in the outer-loop. When the criteria are not satisfied, the meta-model is automatically updated by adding only the one analysis result to the sample results. We call this design process as a meta-model based Sequential Approximate Optimization. 
3-1. Radial Basis Function
Radial Basis Function (RBF) is a class of function used for interpolation purposes [4] [5] [6] . Their values depend on only in the distance that is the radius between the generic point and center of the particular function. The RBF method constructs the approximation function 
3-2. Robust Design Optimization Formulation
Lets' consider the general optimization formulation. Fundamentally, all the functions are assumed as the metamodels. 
Minimize: ) (x f . In Eq. (8), Δ is the deviations represented the uncertainty and Ω is the design range. The variables X include the design variables and random constants. If multiple objectives are given, the objective function of Eq. (5) is replaced by a preference function as P is called as a preference function. The preference function is an equivalent functional that transform the vector type objective into a scalar type objective. In order to represent our preference function, let's consider following two objectives.
There are many preference functions in multiobjective optimization strategy. Among them, we uses following two types such as a weighted function and a weighted min-max function, simultaneously. Ψ is internally determined by using the analysis results. Figure 6 shows the meta-model based SAO process. When the optimization problem is defined, one should select the design variables including random constants and define the design formulation such as objective and constraints. Then the initial sample method is automatically selected to the number of design variables and random constants. When the random constants are given, a Latin hypercube design of 3 k+1 numbers [7] is recommended, where k is the number of design variables. For this design problem, the current design and 25 sample points are used for the initial DOE points because the total number of variables is 8. The robust design optimization formulation for the RHT system will be explained in chapter 4.
3-3. Sequential Approximate Optimization
When the basic information is given into the SAO process, it solves the user-defined design optimization problem by using numerical optimization algorithms [7] . For constrained optimization problem, an Augmented Lagrange Multiplier (ALM) method is employed. And a quasi-Newton algorithm and a conjugate gradient algorithm are automatically selected to the number of design variables. In order to overcome the divergence due to the lack of sample points, a proper move limit strategy is automatically introduced. Also, the polynomial model of Eq. 
update a new meta-model and repeat the procedures above. The polynomial type and move limit strategy are automatically selected to the degree of nonlinearity and the magnitude of approximation error.
ROBUST DESIGN OPTIMIZATION OF THE CONVERTIBLE ROOF MODULE MECHANISM
4-1. Selection of Design Variables
Design variables are summarized on Table 1 . Positions of individual variables are illustrated on Figure 7 . Areas of the design variables can be expressed with two areas as follows:
(1) Lower Main Pivot Point Design Area As shown on Figure 7 , it is required to consider the Lower Main Pivot Point design area. When the roof is loaded in the trunk, the design area is selected considering interference between the roof and BIW. In other words, the Lower Main Pivot Point area is set considering the interference restriction conditions with roof package, torsion wall and wheelhouse.
(2) Upper Main Pivot Point Design Area
It is required to conduct design considering the Upper Main Pivot Point design area. As this design supports the front roof sliding type and the bracket is positioned on the rear roof sliding, the Upper Main Pivot Point design area is decided considering this area. Figure 7 shows the Upper Main Pivot Point area. 
4-2. Quantification of Performance Indexes
The design performance index for the kinematic behaviors of the main kinematic of RHT system are the maximum motor torque, RMS error in roof trajectory and relative distance error, as discussed in section 2. The quantification of design performance indices is required for the design optimization process. Suppose that the rotation angle of the motor is defined as the parameter t, the maximum torque and maximum RMS error in trajectory and relative distance error can be expressed as respectively. The variable x is the design variable vector.
4-3. Formulation of the Robust Structural
Optimization Problem
The Robust Design Optimization Problem for Main kinematic of the RHT system can be formulated as below. The design objective for this study is to minimize the maximum torque of motor ( ) as well as their sample standard deviations simulatneously. 
At the moment, the sampling variations are calculated using the metal model. The design constraint condition is to minimize the maximum difference value (g) between a target pitch angle and measured pitch angle. The relative distance error of U1 and U2 ( , ) is set equal to the zero. This design formulation is mathematically represented as
The upper/lower limits of the design variables have been set to +/-10(%) of the basic values.
4-4. Results of the Robust Structural
Optimization Problem
In order to crate the meta-models for 8 design variables, this study has selected 25 initial test points and performed analysis.
Then, 87 analyses were sequentially performed until all design criteria are satisfied. Figure 8 shows the convergence history of the robust design optimization problem described in section 4.3. Based on the convergence history, small oscillations on SAOs 1 to 70 were observed. This phenomenon occurs when the optimal solutions, given by the numerical optimizer, are obtained from premature metamodels. In other words, this phenomenon may be a transient process that improves the accuracy of the metamodels by sequentially adding candidate optimum positions. Similarly, the violations on SAOs 77 to 85 may be a transient process that improves the stability of variance estimation based on the metamodels. The robust design optimization process converged on the 87th iteration. The final design satisfied the constraint that the relative change in objective values between consecutive iterations is less than 0.01, and all inequality constraints are less than 0.0001. Thus, the total number of analyses is 112 including 25 analyses for the initial meta-model and 87 analyses for SAOs.
The four performance indices between the base model and an optimum design are compared in Figures 8 to 10 In the figures, the final design represents the 87th design from the above SAO. Figure 9 compares changes of torque. We can confirm that the optimization has 11.0% reduced maximum torque from that of the basic design. Figure 11 . Result of relative distance error Table 2 . Comparison of the sample standard deviations Figure 10 shows the pitch angle changes of the roof module. Similarly, we can confirm that the optimization has 42.1% reduced maximum RMS error from that of the basic design. Figure 11 shows the relative distance error of the roof module. Similarly, we can confirm that the optimization result is correctly moved at 4.5 sec
To verify the results of the robust design optimization, the sample variances are compared between the base and the final designs. At first, we selected 17 (=1+2 k) hypercube experiment points within the deviation of the random constants of the base design and performed an exact analyses to calculate sample variances for individual performance indices. For the final design, we also selected the same 17 hypercube experiment points and performed an exact analysis to calculate the sample variances for the performance indices. Both comparisons use the same values for the random constants but different values of the design variables. Finally, Table 3 compares the design variable changes between the base design and the final design
CONCLUSION
This study explained a robust design optimization that maximized the kinematic performance of a main kinematic of RHT system. We described the quantity processes for kinematic performance of the RHT system as well as the basic concept and computational procedures of the metamodel based sequential approximate optimization. To verify the proposed design concept, we solved a robust design optimization problem for a RHT system, which had 8 design variables (joint positions). The proposed design process solved the problem using only 112 analyses, including 25 analyses for the initial meta-model and 87 analyses for SAOs. The final design can reduce the maximum motor torque and RMS error of trajectory by 11 % and 42 %, compared to the base model, respectively. Even though the base design is robust for the uncertainty of bush stiffness, the final design reduced the sample standard deviations of the motor torque and the RMS error of trajectory by 77 % and 75 %, compared to the base design, respectively. 
